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ABSTRACT

The effect of body geometry on the equilibrium turbu-
lent hypersonic wake is examined by computing the wakes behind
several bodies with different cone and sphere-cone nose shapes.
Typicul re-entry trajectories at several different altitudes are
used for the free stream conditions. Also, theoretical predictions
for the wake growth behind cones are compared with available bal-
Jistic range measurements.

In order to determine the initial conditions for the
subsequent wake behavior the bow shock shape, the viscous base
ané neck regions, and the inviscid wake shock are examined.- The
results for the initial wake properties indicate that the inviscid
flow is made vold by making the body sufficicntly slender, even
théugh the wake shock now gives a relatively significant contri-
bution to the enthalpy. Also it is found that in determining
the initial viscous core properties the Reynolds mumber is much
more important than the shape of the body.

From the downstream wake histories the results indicate
that initially the slender body wake grows slower and cools
mch faster than the blunt body wake., Eventually, sufficlently
far’ downstream the wakes of all bodies should be » unique function
of CA. However, until the asymptotic ddwnstream corditions ocecur,
it is found that even two bodles with the same drag coefficient
but different shapes can have completely different wake growth and
enthalpy histories. Further, the degree of this difference depends
considernbly cn the altitude (Reynolds number'. Since equilibrium
electron histories follow tbe enthalpy, & siender cone can have a
very short radar wake compared to a blunt body. On the other hand,
because of the initially slower wake growth for the cor: an even
longer time than for the blunt body can be required for the radial
diffusion of any non-reconbining foreign substance (e.g., ablation
material) deposited in the wake.
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1. JNTRODUCTION

The turbulent wake behind a body moving at hypersori~c speeds can be
considered to be composed of two portions (Fig. 1); an outer inviscid rsgicn
and an inner turbulent viscous core. For a blunt body the large nearly-normel
portion of the bow shock generates very high flow temperatures, with the zesult
that under equilibrium conditions the outer inviscid region remsins hot even
after isentropic expansion to ambient pressure. Furthermore the turbulent core
itself, which has undergone viscous losses around the body and in the free
shear layer, can also be hot. The subsequent cooling process Ty core growth
and turbulent mixing, although much faster than laminar diffusion, has been
found (l)+ to require distances of hunireds of body diameters downstrean,
largely because the hot core is surrounded and fed by additional hot gas from
the outer inviscid region. The purpose of this paper is 1,0 examine the effect
of body geometry on the turbulent wake. This will be accomplished by computing
the wakes for bodies of various bluntness ratios (nose/base diameter) and com-
paring with the previously computed sphere (1).

It 1s necessary to examine the changes produced by body shepe in
both the outer inviscid flow and the initial turbulent core or neck properties.
Since the bow shock strength i1s nearly everywhere quite weak, the inviscid fiow
changes considerably and, in fact, should be made "cold" by making the body
slender. The contribution of the wake shocx for a blunt body was found to be
negligivle (1) in comparison with the bow shock, and now must be re-examined
for a slender body.

Regarding the viscous core properties it is not possible to state
a priori what is the effect of changing body shape. Conventional methods of
calculeting the boundary end free shear layers were used; however, clearly
more detalled analysis of the latter and, above all, experimental data at the
higher velocities are needed. For example, the basic structure of the wake
neck geometry at high velocities (M~ 20) would be very useful.

Two important physical processes determining the properties of the
turbulent wake are non-equilibrium cnemical processes and body ablation
characteristics. Discussion and preliminary results regarding the former as
to hypersonic wale flcws are given by Lees (2) and Bloom (3). For the present,

* Denotes references listed at end of paper,




we ecsumc here chemical eguilitriun of pure air, except thet the special case of
“pure” diffusica cf a foreign specics with zero recorbiration is considered.

Tvo {erdlien of todies ere ccnsideied bere. These are shown in Fig. 2
with the paciinent 3ou propoxtie? giveu 4 Tables I and II. COne of thesa families
zoneists of sphera-cores with a constent cone angle. The seconi fanily are pure
cones of virdous angles. The wuims ave caleulzted for typleel re-sntry conditions
of M = 2022 {fable I) &3 warious sititud.s {feyrolds aunker variations). Also,
thecreticel ;redictinns for the wake s.rcwt,‘a nehind coneuy are compared with ballistic
xsnge éafs taken ry Sluttery (&) and &ley ard Siperly (5) and Shozt (Table II).

Tn 8ention &, o triefl recume o3 the (asci=tical relavior: is included
0 ozier to provide o couvenisnt refeiwune. Tow shock sbapes for the various
Lodicy are examined iu Section 3. In Secticv - the wvethods vsed T2 caleulais the
case dnd neck propertdes are described wmiale x Fweotion 3 the complets inttiel
tnviseld wake enthsipy distritunions ars givea. Tascussion of the cuwnetream
turbuleri wake provesrties 1s given in Secwnown € sne conclusions from this study
in Section 7

2, SUMMARY OF TIEORETICAL ARALYS1S

2.1, Turbulent Diifusion &f Enthalpy in the Inner Wake
Since the details of the anulysis used here have keen

published in Ref. (1), only essential points and relations are listed,
below.
1. Howarth-Lorcdnitsyn variable is used for the inviscid regime

Y’Ed&=(§i—)?"d§'+ (1)

vhere ¥ = y/d ani the subscrus L donches jrviseid or cutexr wake

properties.

2. Inviecid enthelpy is cheractexired Ly & “wo jxvcanm ivx velaticn

—

b
(-]

et

(2}

— 1=

-

g (Y,) = ug (¥

L

(G SN
=]

= 0 for two dimensional flow and m = 1 for axi-symmetric flow,




3. Velocity is assumed to be an averags veiccity (u = g ua)
where 0.8<B<0.9 so

u -u

«<lamdbh-h Tpu (a -u) (3)

.
k. Howarth-Dorodnitsyn variable for the turbulent core is
referenced to the frunt values at ”y’:’ir/f

Yp o ¥, Pay (%)
"rl
5. Profile within the turbulent core is characterizad by two
parameters
- h X - X Y
h, 1 d }
i‘
where for the present G( §T—- is assumed parabolic and the
T
following will be used t
G = fl G YT YT d" . (58)
m+ 1l Y&.m
o b

6. Reynolds' hypothesis of similarity between the turbulent
transfer of mass, momentum and energy is assumed. Thus only
the thermal diffusivity is needed. Townsend (1) found that
for low speed wakes
[uf - u(0) ]‘co
Gp

where zo is a measure of the wake width. The assumption is
now madeé that the hypersonic wake instantanecusly acts like &
slice of low speed wake or

= constant {6)

Cq =X | “(-O)Jyf , L D
by
vhere i{' can be related to Yowngend's R, by K= '519-) T )
4 8 B'f




T. Only the thermodynemic cfiect of the ststic prassure uri~
ations along the wake uxis 1s consliersd, i.e,, The grossure
gradient terms in the governing equaticns zre neglected Lak

{the cquetion of stute pasph is used. By Luvem.ling the encrzy

equation across the wake results ln the following reietici

between the two parameters B (5) and Y, !—:?
114 iy (R
pf) n+l.
—JBRY G c h -
| % B To m+l -~ _I.).'.f. _ Fll,_ v +’_§__,q i, - i .
Pe ml, ||| L | 5T TR T T {2l
Llpy, Mg T, R L ] vl
Py LT mil [, | p3
L | . .8
Y ‘_;,‘, Ly e PO
‘I{’ n+ H Lf a lb.g..LilkL 4L T ’
* ¥ f 3( L AL R ey : '
o Eteg, g e e R T
by Lo Lp |
\ i 3,

Note that this relation gives the vcmparison «f jarctunianesus

core drag to initial drag. Thus acymptovlesliy for dowar shiean

\
¢, +¢, =C_ =1}[c Fo(Y, )
Do Dy D ” pg); M My P (9)
- -d-‘ —'h o

Also in Eq. 8 the fact is used that the turbulent wnd Anviscelid
Howarth coordinates (‘.’T, Y, ) ars related by

p

L y ml. Y, mH 6 ‘(constant) (20)

pw Tf f
where

6 = _(mel) (7-1) lfem c

(H'i'l) hm+l Dfi

8. A second relation between B, (?d.‘) and Y’:‘f ('-;-5\ is obtained by

satisfying the energy equation along ths axis. Iinasly, using
this relation ani Egs. (1 ~ 10) leads to an integral equaticn

for the wake growth YL :
£

e
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’% e |y, Y NECI BN e ‘h ]"‘* Y.y |
P L - N ® . ( Lf) .
Y 7 T, Y L
Je X0 Fa
y L %‘2) m+l 'i'z— ( Lf) £
© Lf ()i( ~];- +
R (:;“Lfl)) c J' _p(@))™ (%)
3 B WG Dely P d
m+l 3
i
where
h
fl =1+ Hg (Y, )
' iy

c Y
0D o [y, 3 4 2 o gy 210
I

h m+l rv ‘MAL
© 1*' Gm+l H\YL - 6 )
\ f J/
By,
I
n+l Y I T n+l
l(.(_)l) -Y£= 1+M]-. YLS(YL)dYL
P L Yy, ™ o 2y ' 'S
T Lf

+

' Y m+L )2 l m+l -—l
Hg (Y Y. -5 + G
1 Lf I‘i‘ m+1

1
o fwes - M 2 7
m+d. (7-1) “(c”f)i I, Fl(YLf)

* prime denotes differentiaticn,
-5-
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{12s.)

(120

(12¢)

(12a)
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2.2 Turbulent Mass Diffusion in the Inner Wake

Onc> the history of the turbulent diffusivity eT(:if) along
the wake axis is known, turbulent diffusion of a particular spccies
in the inner wake can be described by an analysis similar to that for
the enthalpy. It is assamed the mass concentration is again given by

o two paraxetar relation

3 \ Y,
K Gt = %, <5)F{7—%_;)-} (13)
e,

where F is taken to be gaussiun. The result as given in Ref. (1)
for the varlation of Ko (g) along the axis is

R

I KO (a)i m+l 1

—— = +
X

LKo (a) I

| m+l

2X(C (

De’y 1/ -7 ('

m 2 m+l =/m+ m+l

bGP (YLf - 8) /(__{ miL (-(—Z)ml( 6)
hﬂ

a®) W

Once the mz2ss fraction is known the value of the number density
per unit voluwe along the axis is calculeted from the relation

P .
e {3 , o] (Pill\{-l) % {g) . (15)
n, |3 "]: pr) (__Ll} K [3)s
{7 Py )i

The relations as given above are in a slightly different form from
those in Ref, (1). This 1s because the over-all inviseid drag coefficient Cp
was introduced as a normalizing factor in the former. It is not'necessa.ry to°
do this since the behavior of the core depends only on the location of the
local enthalpy front and its slope; it knows nothing of the over-all drag until
it has engulfed the complete inviscid drag.

6=
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3. BOW SHOCK SHAFE

The %urbulent wake analysic assumes +that the outer inviscid enthalpy
profile is invariant with axlal distance, which will be the case once the pressure
returns to ambie: . Since the entropy is constant along any streamline in the
inviscid flow, only the shock shapes, including the wake shock, are needed to
determine the desired enthalpy at p = p_.

The general configuration of the inviscid flow field as calculated is
shown in Fig. 3 where A i5 a constant pressure free streamline and B is a cylindri-
cal sting., To determine the wake shock actually calls for knowledge of the viscous
base and neck reglon, since these determine its position and the amount of recom-
pression necessary for the flow to be turned back parallel with the axis (angle
of A and position of B in Fig. 3). Strictly speaking the bow shock is also
affected by the base region through the shoulder expansion fan, However, the
back portion of the expansion fan, which is sensitave to the sl.oulder expansion
angle, hits the bow shock far downstream where the shock is already quite weak.
Thus an error in the estimate of the shoulder expansion angle of several degrees
was found to make negligible differences in the downstream bow shock shepe, and
the bow shock can be studied separately without knowing exact details of the
bese region. The latter will be examined before the second shock and complete
initial wake invis:cid enthelpy profiles are given.

For each of the configurations studied these shock shapes were obtained
by the method of characteristicf. Enphacsis is placed here on the use of the
shock shape rather than the detailed characteristics solution throughout the
flow field since extension of characteristics calculations well downstream is
apt to introduce significant errors, especially iu high entropy gradient flows
(1, 6). The details of the body shapes and flow parameters are found in Fig. 2
and Tables I and IIX.

Blast wave theory predicts for a point source of energy that the
shock should be parabolic or

<

8 .k

£ (16)

=R Ed

+ In the ballistic range case pictures supplied by Dr, Slattery of Lincoln Iab
facilitated in checking the calailrdions,

-7-
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Van Hise (7) through a characteristics study demonstrated that for a hemie-
phere nose at high bach numbers the exponent is slightly less than 0.5, Seiff

(8) and Whiting point out from experimental range firings of sphere-cones thai
one can talk about threce shock shape regions, two of which can bz approximated
by an equation of the form of Eq. (16), but each with different exvonents. Con-
sidering even more detail for sphere-cones if the body is sufficiently slender,
five regions cuen actually be said to exist. This is seen from Fig. 4 in vhich
the entropy is plotted (or shock strength) vs. radial shock location in nose

radii. The five regions are

1) high entropy, spherical nose segment which exists until the last
characteristice from the sphere intersects the shock

2) undershoot and recompression around initial cone section

3) conical segment if the body is long enough

) decay starting with intersection of cone shoulder Mach wave and shock

5) asymptote downstream where shock approaches a Mach wave.

In Fig. b the decay regions for a sphere and two sphere cones (RN/RB = 1/2, 1/12
are shown. The relative length of the cone segment (or nose/base radius) de-
termines when the expansion fan begins. For the sphere entropy decays smoothly
from the nose erea. For RN/RB = 1/2 the shoulder expansion fan "catches" the
shock at the limit of the over expansion region and initiates the decay there.
For RN/RB = 1/12 the shock has become asymptotic to a conical shock before the
76 nose radii position. If the body were an ideal pure cone the shock would be
constant in strength until the shoulder expansion started. The axial shock
coordinate corresponding to the shock position is written along the curve.

The bow shock shapes for all the bodies considered have been plotted
in the more conventional manner of Zg V8. g in Figs. 5 - 8. Fig. 5 shows the
results for the spherical nose bodids (Cases I - IV) while Fig. 6 is for the
pure cones (Cases A - D). Fig. 7 includes the two low Mach number cones
(Cases E, F) as well as that for M_ = 22, o, = 12° (case D) for comparison.
Finally Fig. 8 compares Case II with a ballistic range shot by Sommexr (9) at

Ares.

8-
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In Fig, 5 the sphere (Case I), which is the same as used berore in
Ref. (1), gives a straight line with slope n, = 466" which is close to the
value obtained when extrapolating to higher Mach numbers from the data of Seiff
(8) and Whiting. The sphere-cone (Case II) has a break in the curve at = 3.7
due to the initial effects of the cone section « Although the initial segnent
(spherical) of the sphere-cone has n) = 266, the latter part has n, = 541,
This bears out a fact which will occur consistently here and was mentioned by
Vaglio-Iaurin (10) and Bloom, namely that as the drag coefficient of tha bodies
becomes smalles this decay exponent increases, In fact for Case III (sphere-

cone, RN/RB = 1/12) n, = .613.

Case III serves to illustrate two other points. First is the far
downstream approach to a Mach wave which begins at about = 30, Eventually the
line would be 1&5 on this plot and n, = 1. This region is also seen in Case TV
which is the comparison of a sphere fired in a ballistic range at MQ = 9.85 vy
Seiff (8) and Whiting and present characteristics calculations.

The second point is that the shock becomes nearly conical along the
body and remains so until the corner expansion hits the wave. This is clearly
seen for the four pure cones (Cases A - D) shown in Fig. 6.

The fact mentioned earlier about the increase in tbe exponent n as drag
decreases is noticed for the cones here with n, = 523 for °c = 32° increasing
to n, = 613 for ec = 12°, The progression of this slope has been plotted vs.
cone angle for the cones in Fig. 9 and vs. drag coefficient in Fig. 10. It is
seen to be nearly linear for both these parameters. Sphere and sphere~core
data from the present calculations and Refs. (8) and (10) have been included in
Fig. 10, The ephere cone exponents for bodies with drag coefficients between
cD = 0.27 ard 0.48 seem tc be consistently below the pure cone calculations,
vhile the sphere data are almost in line with the cone calculations.

+ ny denotes slope in nose region, n, denotes slope in wake region of bow
shock, and n \; denotes wake shock slope.

* on Figs. 5 and 6 the short vertical line along the curves (marked 1) denotes
the shoulder position for that particular body while the diagional line (\)

denotes position of first shoulder expansion wave intersection with the shock.




Another feature which will turn out to be important regarding the cone
turbulent wake behevior is the amount of mass passing through the constant
strength portion of the shock, i.e., the position of the shoulder expanscion wave-

bow shock intersection, This position denoted (YL )+ has also been plotted in
se

Figs. 9 and 10 and it is seen that the decay exponent n, and YL behave similarly.
Be

At very large angles of high drag coefficients Y has to approach an asymptote

I%e

because YL cannot be less than 0.5, The point at C
se

a 60° cone calculation taken from Vaglio-Laurin (10) and Bloom. The individual

scattered data shown in Fig. 9 are Yor the low-Much number experimental data runs.
Fig. 7 shows the low Mach numoer runs for the pure cones. Again n2

increases as cone angle decreases and also as the Mach number decreases. For

M, =5.9and Oc = 12.50 the shock is always very weak, in fact on the plot it

scarcely devietes from a 45°1ine. This case gives n, = 816,

D= 1.51 in Fig. 10 is from

The experimental data of Sommer (9) shown in Fig. 8 was the only experi-
ment avallable on a slender shape at high Mach numbers. This body was fired at
Mm = 17.95 end is compared here with the calculated shape for the sphere cone at

M = 22 (RN/RB = 1/2). Although the experiment was at a slightly lower Mach
nuzber and O = 12.5° it 15 felt the agreement is good.

Finally, all the shock waves computed were plotted againgt the normal-
ixing factor g\/(g' in Fig. 11, For high Mach number the downstream decay portions
of the shocks colfapse into a fan all passing through 3’3 = 1,26 and J&‘\/é; = 2,0,
In the nose portion of the shock the curves deviate, igdicating the diffgreno.e
between conical type growth and sprherical nose shock growth,

+ For slender cones the Howarth coordinate in the inviscid wake downstream for
a given enthalpy level ie very nearly equal to the physical coordinate where
that particular streamline entered the bow shock since

~ Y
2 2 .. 2L
Mass =p u x y g = 2md puydy = 2rp d IuYLdYL

0 o
and at P, » ur 1.01 u then _y_s_"—_f YL'
d
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L, BRASE AND NECK PROPERTIES

Before a further determination of the inviscid flow field it it neces-
sary to examine the detells of the viscous base and neck regions. This sas doune
only approximately since no complete analysis exists+. It was assumed the flow
is as postulated by Chapman as shown in the sketch below

B- WVISCID FREE
STREAMLNE

S{

NG

Sketch 1. - Pase and Neck Region
with a recirculating region and a dividing streamline (A) which stagnates on
the axis. The dividing streamline 4s imbedded in the viscous portion of the
flow and separates the recirculating flow from that which passes on downstream.
The base pressure, free shear layer, neck size and initiel wake pressure are
all related, Chapman (11), Kuehn and larson give the pressure rise at the rear
stagnation point in the viscous portion of the flow along the dividing strsam-
line. This pressure rise is a function of the inviscid exterral Mach number
{along B) and the velocity u = g along the dividing streamline (A)**, o

- -3

+ Since the following procedure is rather detailed and some of it is accepted to
be approximete, the question arises as to how much does the downstream wake depend
on the accuracy of the initial quantities. This was considcred somewhat in Ref.
(1) ana will be again in Section 6.4 for the¢ present calculations.

** 1t 15 assumed that the flow is brought to rest isentropically at the rear
*
stagpation point from its velocity u .

11~




fini the correct basz aress -e the shouller expansion angle can be changed
(which then changes u* and thus calls for an iteration procedure) until the in-
viscid pressure behind the shock agrees with the wviscous value. The free shezr
layer properties, giving u*, will be Qiscussed in Section L.L.1. Ope Giffi-
culty in carrying out the above procedure in axi-sycweiric flow is ipet the
inviscid free streazdine is not straight (see Section %.1.2), thus the neces-
sary inviseid pressure ratio to turn the flow parallel to the wake axis varies
depending on the nz2cx thicxzness. Although the free sheer layer properties

were examined and the Chapman type procedure was attempted, it is recognized
that only a rough answer could be obtained because of the approximations neces-
sary to find u* end the unknown reck thickness. However, once acceptable values
for these quantities are found elong with the pressure behind the wake shock
properties of the initial wake viscous core cen be found directly (Section %.2).

4.1. Free Shear Iayer

We ncw consider the free shear layer in order to fird the
*
dividing streamline velocity u and secondly to examine the effects
of curvature of the inviscid free streamline in this region.

4.1.1., Velocity Along Dividing Streamline

Chapman (12) has amlyzed the free sheer layer
problem where the initial boundary layer thickness was assumed
to be zero. For this case he finds a value of w = 0.58.
Denison (13) and Baum have recently re-examined tke Chapman
problem with an initial boundary layer thickness and find cor-
rected valuer of u*. They, veodever, do not take into account
the facts that the body has a finite height and the distortion
in the free shear layer profile caused by the expansion off the
body shouider. Hammitt (14%) did the seme type of enalysis in
a more approximate manner assuning an initial cosine shoulder
profile. His final results which are given in Fig. 12 are
used here. Fig. 12 gives the velocity along the dividing stream-
line, u*, as a function of the Chapman mass pe.ra.xmst:er+ Cand a

L= :-—x _%J_(_ and is zero for the present along the dividirg streamiine. This

can be considered a imss injection parameter where (¢ o denotes mass injected
* ¥
resulting inu ¢ v (¢ = 0) 25 shown in Fig. i2.

1=




ixipg perameter £ where

12
g ={._“_ ) 59_ ) (17)
-‘61,1 e“

and £ is length of mixing run, 51’ 4 15 the initiel trensformed
incompressible boundary layer thickness, C the Chapmer viscosity
constant and the Reynolds ruzber is the local free ghear layer
value based on £. The E =on_-nt for (¢ = 0) does not corres-
pond to the Chapman value of u = 0.6 tut rather gives o velue
of u?g = »)= 0.68 due to the approximations made. These re-
sults can then be used to f£ind a correction factor to be applied
to the Chapmen value.

Deteiled calculations using Eq. (17) and Fig. 12 to
determine the velocity along the dividing streamline were made ~
for one high Msch nunmber case, pamely RBIRB 1/2. For the
sphere (Case I, Ref. 1) u" was taken as the Chapman value = 0.6.
As mentioned in regard to the work of Denison (13) and Baum the
initial mixing profile after the shoulder expansion off the
body is not Blasius-like nor a cosine type. To illustrate the
boundary layér velocity and enthalpy profiles before and after
the shoulder, as salculated for Case II, are shown in Fig. 13
wnere the pro?iles bave been expanded around the shoulder by an
isentropic stream tube?method. The expansion causes the subsonic
part of the profile to compresé*with the result of the flattened
profiles as shown. This fiattening should have the effect of
enhancing the initial mixing and hence raising u" . For the
present a cosine was approximated to the expansion profile of
Fig. 12 with the result that u = 0.39 for Case II at M = 22
and ht = 100K feet « To find the initial profile after expansion
the & priori cholce of expansion angle occurs once again, hut
an error in this choice of several degrees.is small -compared to
the approximation introduced by assuming the profile to bde cosine

in Shape .

4

Alxhough it most probably is not correct thkis same value. of u* was-assumed.-
{for the pure cone calculations. The effect this has is discussced in Section
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%.1.2. Inviscid Free Streamiine

In twe dixzensional inviscid flow the base free stream-
lipe emmneting froa the shoulder (A in Fig. 3) is streight, tut
for axi-syr—etric flow this streamlire curves inward near the
exis.

In order to exanine this point tke shoulder Pranitl-

Meyer exsension on the 12° pure cone was set successively at
initiel expansion angles 6, of OO, -2°, - 2&0, - 50 with the
horizontal. Fig. 1% shows the trajectories of these stream-
lines compared with a straight line. For example, for 9, = - 1°
the inclination at y/RB = 1/2 is - 6° and approaches - 160 near
the axis. These angles still result in a long base region, but
one effect of interest here is the shock strength required to
deflect the streamline back parzallel to the axis. As shown on
the figure for - l}o the Cifference at this Mach number

(4, = 17.3) from - ¥° to - 6° changes ®3/s, from 5 to 8.

Thus as mentioned before the size of the neck is
now important in determining the pressure ratio p3 /pa.

4.,2. Initial Core Properties

From Egs. (11) aud (12) it is seen that the initial viscous
properties of the core which are needed are the turbulent front lo-
cation, (YLf)i, drag in the core, (CDf)i, the axis enthalpy, 11:{-9-)‘1

ard the initial pressure level, (gig)) . The prossure is obtained
© |4

from the characteristics calculations once the base and neck details
are prescribed, and is given in Section 5.1. The other three quanti-
ties are related through Egs. (8) and (10) where

m+l ( +
-f_f_.YT‘) fh‘”"’f].c ¢ (26)

P, L h | m+l Df
+ m+l m+l
b that . Y =Y =5{constant ),
Remembering Pe / o, Tf L_f ( )
-1k
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or in the form of Eg. {12b). Thus it is really necessary to calcu-
late independently two of the input quantities. Two procedures were

followed depending on the situation. First, where a picture of the

neck region was available (YI'f)1+ wag obtained from the picture and inde-
pendently the initial drag (cnf):l was calculated. Knowing these two
resulted in a value of h(O)i from Eq. (18) or (12b). However, for

most cases, in the absence of a picture (CD } and h(O)i were esti~
T1i

mated, and a& check was made by Eq. (18) or (12b) to insure that a
reasonable value of the physical Yo occurred.
4,2,1. Initial Core Drag, (cD )
i
The core drag is assumed to be mide of two parts:
the skin friction on the body and the drag associated with the
pressure rise in the second shock. The latter is found easily
once the wake pressure distribution (Section 5.1) is found {1)
by (ADf)i = xyﬁe ok (p3 - pa) for axi-symmetric bodies.’

Since (CD ) = (CD ) + (ACD ) the values used for the
gl T skin T 1

present in each cazz for (ACD‘) can be found by referring to
T1i

Tables I and II where all values of (cD ) and (CD ) are
T i f skin

listed. Since the pressure level in the free shear layer base
region for a blunt body is usually seversl times ambient, where-

as the slender body is delow ambient, (ACD ) for the blunt
T4

body is larger than for the slender body. For exsmple the
sphere at M =22 and ht = 100K feet has (ACD ) T 0057 while
£i

* On a picture the physical Ye is measured. Section 4.2.2 discusses
i

the transformation to (Y, ).
Le'y
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for the 12° cone (AC, ) = .0018.
D’y

Skin friction for pure cones as a function of cone
angle is shown in Fig, l5+. This was found with the foilowing
relation which holds for conical flow:

2
' ] p, U f
icp ' - = pl ;‘ K 1 4, C3S Gc °9)
£'skin [ 3 ® u_ \}Re g (sin§)°
' l,'B

" c u2

vhere K =X (-B—-—’- v = .67 ko (Ref. 15)
1 1

Initially there were two questions regarding the
cone skin friction. First, for small cone angles the cone be-

comes very long and (CD ) should become quite large. The
£ skin
question was whether this occurred at cone angles of practical

interest. Fig. 15 snows that the significant increase in

(c begins to occur at very low angles, in fact, below

Df)skin

one degree in cone angle. Second was whether, since the inviscid
drag is much less for & slender cone, would the skin friction
now become larger and in fact dominant. Considering a one foot
radius body and angles around 10° at 100K fee’. altitude the
laminar friction drag is still small compared to the pressure
drag. If the bedy were small, or the pressure lower (altitude
higher) this would no longer be true. For a body radius of 1/4"
and 10° cone at 100K feet altitude the friction is over one half

the value of the pressure drag.

h.2.,2. Turbulent Front Location
The relation between the -physical location and
transformed location is given by 2q. (12¢)

. s L, 'EJ;_J.'
oo e e |, () (% g(y; )a YL[. (12¢)
; D Y T e L Lp
e 7 s, © Lf YL o
R £ 3 9 _] .
—_— s

Thg pressure drag curves shown in Fig. 15 .will be discuséaed in $getion 5.2,
£} 3 - . (;l'

v o P % ~
e = . 1
a0 WP >
A &= I
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~ Y
so if the physical yf is read from a picture Li‘ is found directly

by iterating to get e solution of Eq. (12¢c) using the appropriate
pressure.

Pictures of the neck details are often available (as
those given us by Dr. Slattery) for ballistic range shots. How-
ever, pictures of the neck details for higher Mach number flows
especially for the slender bodies, do not exist. Empirical
correlations of neck thickuness such as in Ref. (16) do exist,
but in gensral they are not reliable enough to be exhrapolated.
4,2,3. 1Initial Axis Enthalpy Leveli

The initial value of the axis enthalpy was esti-
mated in Ref. (1) by assuming a rear stagnation point exists at
the wake neck and determining the stagnation enthalpy on the
stagnated streamline. This stagnated streamlire is the dividing
streamline considered previously. The recompression of this
streamline to zero veloclity on the axis is assumed to occur
rapidly without any energy loss. To find the stagnation energy
along the dividing streamline it is necessary only to find u*
since

* W

(20)

g l:x:l
n
—————
l—l
]

vhere H is local stegnation enthalpy and h is the known wall

enthalpy. For a cold wall Chapman's value of u would give

n(o), = 0.6H_. At hypersonic speeds this is indecd quite hot.

This value was taken for the sphere as calculated in Ref. (1).

For the case calculated in detail here, Case II, in which

u* = 0,39 (Section %.1.1), _l_ly_ was taken as 0.13 thus-g- = h(O)i/ﬁa°
H ©

= 0,47 from Eq. (20).

Rather than repeat this involved procedure for the
pure cones the initial h(0) i/ha: value was arbitrarily taken to be

«17~




this sane valuc, 1.0.,(:‘; 9) = U6 at M = 22, This is most proba-
»n K

o bly not corrcet, dbul as shown later it turns out that the cone
equilibrium wake behavior is relatively inscnsitive to the in-
itial enthalpy icvel. But for the non-equilibrium case an exact
determination of this enthalpy level for a slender body is still
& most important question.,

For the experimental range firings it was not ncces~
sary to determine h(0) 4 independently, since usually the direct
method of meesuring the neck thickness from a picture was used
end h(0) N found from Eq. (18). However, for these cases values
of h(O)i/ﬁ“’,é’ 0.5 always occurred.

4.3, Wake Shock

With the shoulder expansion angle and the neck thickness
determined the wake shock can now be inserted in the inviscid flow.
To review, the characteristics calculations were made for the geometry
shown in Fig. 3 vwhere A is a constant pressure free streamline and B
is an inserted cylindrical sting. The resulting wake shock shapes
are shown in Figs. 5 and 7. These include both the high Mach number
results and those for the experimentally fircd cones. The nose 1s
so smll for RN/RB = 1/12 that the wake shock is taken to be the same
as the pure cone (Case D). Initially each of these wake shocks travel
outward quite rapidly except for the latter cases (III or D) which
seem to take some time for the shock to strengthen. The wake shock
approaches the position of the bow shock with nw>l, and eventually
becomes almost parallel with it as both decay to a Mach wave together.

5. PRESSURE DISTRIBUTION, PRESSURE DRAG AND INITIAL WAKE ENTHALPY DISTRIBUIIONS

5.1. Pressure Distribution

The pressure distributions in the nose region anml along the
afterbody for each of the bodies calculated are showr in Figs. 16-18,
Fig. 16 shows the four sphere, sphere-cone cases at M, = 10 2nd 22,
Fig. 17 the pure cones at M = 22 and Fig. 18 the two experimental
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cone cases. The axial coordinste, g, used in the figures was measured
from the apex of the shock in order to keep the coordinates consistent
with thcse for the shock shape. For -che most part both a cylindrical
and wake afterbody are shown. Agein Refs. T, 10 and 17 present detailed
pressure distribution studies for air so only a few comments as to the
precent particular cases will be made here. First, if the flow at the
body shoulder is expanded to be parallel to the free strea.m+ the re-
sulting pressure is nol much different from that which will occur be-
hind the wake shock (where the flow is again parallel to the free
stream). This is expected since the wake shock is relatively weak.
Thus &t M_ = 22 the initial wake pressure for the blun* body is _I_’} zak
P,
while for the slender cone E} £1 -2, This is one of the mnda.m:rrtal
differences between the hypz?sonic blunt body and slender body. In
general, the pressure behind the wake shock for the blunt body is
quite high whereas for the slender body it 1s nearly ambient.

Secondly, the pressure with the wake shock included rapidly
approaches the distribution which would exist for the same forebody
but with a cylindricel afterbody (instead of wske). In fact by 10
diameters behind the wake shock the pressure is very near to the

cylindrical value ++.

As illustrated in Fig. 17 and pointed out by Vaglio-laurin (10)
and Bloom, the cone-faced bodles at high Mach number exhibit a down-
stream recompression on the cylindrical afterbodies, which exists con-
sistently for all cone angles considered here. This also is seen from
Fig. 17 to exist when the wake shock is inserted (17).

The calculations for the two low speed experimental runs are
shown on Fig. 18.

* For a sphere it already is parallel to the free stream at the shoulder,
H This 1s not true regarding the temperature since any entropy rise persists
in an inviscid flow,
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5.2, Inviscid Forebody Drag Coefficient (Pressure Dragl

The inviscid drag coefficient for pure cones &g a function
of the cone angle is shown in Fig, 15 and for various sphere-cone combi-
nations (from Ref. (18)) in Fig. 19.

Previously (L) the drag coefficient for a sphere had been
taken as unity. The more detailed characteristics results indicate

nere a value of CD = 0,94, Characteristics calculations made present-
o

ly for the 12° cone are shown as the circled line in Fig. 19. The

difference for this one angle is that tihe calculations were carried

very far downstream such that a pure cone was approached (RN/RB z .075).

The approach to the slender cone shows that the drag coefficient
actually undershoots the cone value by a small amount (19), and that
for a value of RN/RB as high as 0.2 the drag coefficient is almost the
same as for a pure cone. This is due to the pressure undershoot on
the cone surface when a small spherical nose is put on the body.

Thus it ie necessary to blunt the nose a surprising amount before
any significant effect on the over-all drag ccefficient occurs. This
fact will have significance later in determining the wake properties.

5.3, Initial Wake Inviscid Enthalpy Distribution

The invircid enthalpy distributions downstream at p = P,
are shown in Fig. 20 for M, = 5.9 and Figs. 21 and 22 for Mm = 22,
The profiles as shown are in the Howarth coordinate which is used in
the analysis.

For the case of M, = 5.9 the enthalpy both with and without
the wake shock 1s shown in Fig. 20. The bow shock profile is constant
until the expaunsion fan occurs. The sudden change in slope here plays
an important role in the wake history. The wake shock contribution
is significant near the axis where the flow deflecticn is the greatest.

However, as indicated by the line labeled (YL ) most of this peak is
f i
engulfed in the viscous core at the neck. The effect of the second
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shock is to "smear" cut the vertical front presented by the bow shock.
For this low Mach number even the peak inviscid enthalpy at YL =0 3s
relatively “cold", giving only %— = 1,2, This effect terds toward

-]
computational difficulties when computing quantities such as drag
which depend on very small differences.

The high Mach number cone shown in Fig. 21 indicatles again
that most of the "hot" inviscid region due to the wake shock should
be already swallowed by €he "neck". In this case, to the accuracy of
the computations, the wake shock gave no noticeable contribution be-

yond the knee in the curve (YL 7 YL ). For this cone even at M =22

se
and including the wake shock the maximum inviscid enthalpy (5 £3) is

still "cold" compared to the viscous core value used herc (P_@_)_i = k6),
h

[

Primarily shown on Fig. 22 i1s a compilation of enthalpy pro-
files for M, = 22 including both families of sphere-cones and pure
cones. For RN/RB = 1/12 the extremely small hot pulse (normal shock
enthalpy expanded to p = pw) oceurs because of the small nose radius,
The overshoot on the cone region of the shock shape as discussed
earlier is evident here by the dip in the enthalpy profile, followed
by the approach to the cone value at YL = 0.4, Boundary layer calcu-
lations at the cone shoulder show that the miss in this inviescid hot
pulse is entirely engulfed ir the boundary lsyer by that point, thus
it is incorrect to carry it into the wake calculations. In fact, as
shown on Fig. 22 the enthalpy undershoot is also within the viscous
region at the time the flow reaches the neck. Thus if the nose/base
radius ratio is as small es 1/12 pure cone flow can be used for equi-
1librium wake calculations.

For RN/RB = 1/2 the width of the inviscid enthalpy pulce
has been reduced from the sphere by a factor of 2-3 which is certaianly
predictable from the drag coefficients. Here the viscous front is
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still within a very hot region but near the point of rapid change. ‘
Phis will effect the nature of the woke history as seen later.

Besides the 120 cone Fig. 22 shows pure cone enthalpy pro=-
files for Oc = 22° am 320. From these curves comparing the general
nature of the spherc cones and pure cones it can be teen how differ-
ently the nose shapes distribute the wake enthalpy. One very vivid
comparison is the 22° cone and sphere-cone (Oc = 12°, RN/RB = 1/2),
which have the same over-all drag but from Fig. 22 are seen to be
very much different in distribution.

In conclusion the inviscid flow field can be affected
drastically by shaping the body. We now turn our attention to the
calculation of the downstream wake properties.

6. DISCUSSION OF DOWNSTREAM WAKE PROPERTIES

In order to find the downstream wake properties Eq. (11) along with
its component parts has beer. programmed on a computer. The necessary inputs
are the initial values of (YL ), (CD ) ,()—‘-(-c—)-) , along with the downstream

p1 Draibe I3

pressure history, g Vs, :'i" and the radial enthalpy distribution g(YL) vs. Y.
The enthalpy distrigution was put in numerically as determined directly from
the shock shape. Previously (1) the distribution was approximated analytically
in such 2 manner as to make the total drag correct. The advantage of using the
numerical value is that no distortion of the profile occurs in the sensitive
inner portica by foreing an over-all curve fit. Also, if only partial shock

shapes are known the wake can be found at least for some distance downstream.

A question occurs concerning the initial axial station at which mixing
calculations should be started. This occurs because the analysis does not in-
clude a preesure gradient and the pressure drops initially very rapidly, es-
pecially for a blunt body. The procedure adopted in Ref. (1) was again used,
namely it vas arbitrarily assumed no mixing occurs until the pressure is down
to p/p = 4, The wake is assumed to simply expand by the square root of the

[--]

pressure ratio from the neck to the initial mixing station, i.e., vhere p/p = l,
-]
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{ in character in the sphere growth and cone growth can be seen.

Since for a blunt body at high speeds the pressure behind the shock is ahout
24 p, this results, in practice, in starting vhe mixing calculations 6-8 ai-
ameters downstreem., For a slender body; however, (ch 120) the calculations
are started right at the neck since the pressure is less than b P, initially.

longind

6.1. Wake Growth

The three features brought out below deal with, 1.) shape
variation comparing wakes of blunt and sharp bodies, 2.) shape vari-
atlon effects on bodies with the same drag coefficient, and 3.) alti-
tude (Reynolds number) eifects,

6.1.1. Effect of Shape Variation (Blunt vs. Sharp)

The available experimental wake growth date are
from Slattery (4) and Clay and Siperly (5) and Short. A com-
parison of the theoretical and measured growth for the bal-
listic range data of Slattery (4) and Clay is shown in Fig. 23.
The figure also shows their measurements for spheres and the
corresponding calculations made in Ref. (1). The difference

The dotted line is the asymptotic value for the cone calcu-
lations and it falls below the sphere calculations by the cube
root of the drag ratio. The present theoretical line for the
cones is on the low side of the data and is lower than the
scatter from 100¢ %‘41,000. The theoretical inflection point
around f—; = 600 is the point at which the front breaks out into
flow coming through the expansion region of the shock and the
drag (as szall as it is) is engulfed rapidly. It would appear

g = 100 in the experiments.

The comparison with the Siperly (5) and Short
data is shown in Fig. 24. The data was taken at NASA-Ames.
This body is a blunter cone and at slightly higher velocity
than the Iincoln data., The data indicates a rather sudden in-
creace in wake width around §z100. This is the typical be-

d
havior predicted for a cone; however, the "explosion" predicted

something like this happens around

-23-




T
f

from the theory occars later at around i ~300. The early humps ‘§
in the curves around & 10 occur due to the vressure decrease

to ambient., At aml ,000 most of the drag should be engulfed by
the cocre and the curves snould approach their asymptotic behavior.

Growth curves for three cases ct high Mach number
are shown in Fig. 25 to illustrate further the contrast between
blunt and slender bodies. Those shown here are the 120 cone,
sphere-cone, sphere family (Cases I, II and I)).+

Here again the cone curve is significantly below
the other shapes. The sudden explosicu at about 3330 for
RH/RB = 1/2 is due to the previously menticned fact that the
front started in a hot region but very close to a rapid drop
off in the enthalpy. The cone wake growth is near a cube root
throughout except around g:;:?co where it hits the sudden drop
in inviscid enthalpy as seen in Fig. 21, The humps in the

growth curves for low values of 3 (< 50) are again due to the

pressure decay characteristics.

The rete of turbulent core growth depends on the
amount of inviscid drag swallowed. In fact, over the whole
regime a rough qualitative estimate (1) states that for an
axi-symmetric wake

X
~kc. (Y, )= (21)
D, T, d

%

f

If Eq. (21) is normalized by J Cphs where A is the base area,
then (2)

o 1y '11/3
Dfl q&)
C

J%A D

(e2)

+

Base radius Ry, vwas taken as 1 Ft.
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The only difference from & low speed wake is that C (Y ) is

a changing function except in the constant conical region for
& cone and thke far downstream asymptote where C (YT ) ,’CD = 1.0
e .

D
(see Eq. 9). f

For the early stages of the cone growth, rather
than an approximate equation of the form of Eq. (22), the full
Eq. (11) can be simplified considerably. As long as the turbu-
lent front for the cone is growing into a uniform region, which
is "cold", no relative drag ccmpered to the initial front is
being engulfed. For the cone up to the point where the fromt
begins to decrease g(YL) =1, lli: =1 + H and from Eq. (12¢)

2 L

mtl ¥ L
(Eﬁ?l) 'T'f“" =11 +H] (12¢)
o, I

Also, since the slope of the front is zero and no relative drag

has been engulfed, F, = F, = 1. With these facts ¥q. (11) be-

comes
Y ’

g ) (R0 nu'“ x
y,f”s)( )jn a1 cst(c)” ) (

“ri a :i.

The axis enthalpy is now 2—(22 = (LK) + ;:nit' » 80 Eq. (11')

© Lf- )

becomes
YI == X 1

‘? ren

1, const .
(v,"". 5) (1+H) + ===~ |= canst ! Cp I p_(__) (XN

'ry Lp T | "D, }1 « aiz) (")

Les Ly F G

The axis enthalpy tern in the[ ] brackets has the effect of
slowing down the initial growth, but becomes small, fairly soon
m+l m+2
and when Y 5, Y. (c. )
Lp>7 Lp~ "Dp'y
Thus as h(0) — h, and prior to reaching the break in the enthalpy
curve the cone growth should go as the cube root and be nearly pro-

portional to (C) ) « This is shown for Y, in the sketch below
t i g

. g similar to Eq. (21).

-25-




4
P

~

. “Lg

ik

e s . . . . ]
which. 85 $o o aw. tae colcnlations for the 127 cone a2t X=22.
roiczl v, ic <lse shown. Toe varying difference tetween

Yoo,
L d e

B4 -
// // 3~fc ‘_ b4
- /’/ ‘L'i L&, D_ lé
4’-’/
J— LL
1
Al -~ L.
: e ] —
1 10 o 1008 /cf

Sketch 2. Initizl Cone ¥ake Growth

At the far downstream asymptote where 211 the drag
has been engulfed by the turbulent core Eg. (il) becomes

~ m+2 K G (0
2 - - ) K5 L0 (o) X (23)
f 2 il D’ d
g~ K¢
o+l
which when normatized with \CDA becomes like Eq. 22 where
¢ (1;‘}//cn = 1.0
bid b #
b
£ = Const. —2— (2%)

] o JE;A
Thus plotting the wake growth normalized by ‘\,/CDA glves one

curve asymptotically for all bodies regardless of shape and
size. This is shown in Fig. 26.

6.1.2. Effeci of Shape Variation (Same Drag Coefficient)

The blunted cone R“/R}3 = 1/2 and the 22° pure cone
have the same drag coefficient (cD = .30). The inviscid
enthalpy profiles were seen in Fig? 22 to have ccapletely differ-
ent enthalpy distributions although the drag integral is the same.
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Prom the discussicn in the previcus section on gereral Zlunt vs,
slerder wake growth one cight expect the early portions of the
wake of these two Dodies to te qifferert ard this is seen to be

true in Fig. 27. Evertually tze curves coincide tut until
x
da
arez) is cuite different.

21,000 the benavior for these two bodies of the sare érag (and

6.1.3. Effect of Altitude Veriation

Tpe effect due to 21ltitude is caused primarily by

the Reymolds pusber through (CD ) . In coopering s=all scale
pigl §
ballistic range data with large body high Mech conditions this

effect can be very important. To illustrate, three high Mach
cases were calculated at altitudes of 60K, 100K ard 150K feet.
For the higher altitudes or lower Reyzolds number, the skin
friction becomes & larger percentage of the total drag. This
results in the turbulent core starting farther ocut on the in-
viscid front, which in turn tends to reduce the initial growth

differcaces seen to exist previously. Indeed, if (Cp ) is
£i
lerge enough, all that occurs is the asyxgtotic cube root

growth.

The importance of this cffect is seen in Fig, 27,
where curves for both 100K and 150K feet are inciuded, and
Fig. 28 for the 12° cone. In Fig. 27 the difference between
the two bodies is smaller at 150K feet than at 100K feet. In
fact, in Fig. 28 for the 12° cone at 150K feet no hump in the
curve is observed because the front starts outside of the
anthalpy break. The reason that the 60K feet curve is above
that for 100K feet is because turbulent skin friction was
assumed to exist at this altitude. If transition on the body
occurs at en altitude different from what was assumed here,
obviously (cnf)i changes and consequently also the downstream

wake.,
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6.2. Zrinalzy and Yelocity Distributions

frox tho entiniipy anC velocity déistributions as shoun in Figs. £9

and 30. Fig. 29 snows the enthalpy and velocity distributioss along
. . . . o . .n
the axizl streazlire and the front for the 127 core - srhere fawmily

{Cases I, IZ and D). These are plotted against the "reducei” co-
ordinate £, Since the analysis assuzes a constent stagnation
L
enthalpy uA{;’ H - b, and the velocity deficit elong the axial streem-
u_ - u(o)
line rormiized by the free streenm, Qu_ » is shown - the right
w

hand ordinate. Fig. 30 shows the enthalpy and velocity distributions
2long the a2xial streamline at two altitudes for the two bodies with
the same dreg (Cases II and B).

It is noted that reducing the nose radius significantly re-
duces the wake temperatures, especially for the cone which drops an
order of magnitude faster than the sphere. In fact the cone drops
so rapidly it appears the very early history is insensitive to the
exact initiel enthalpy level chosen. This general behavior is not
evident beforehand because the front spreading rate is much slower
for the cone. Conceivably the low cone wake growth rate could cause
any high core temperatures to persist far downstream. The long
versistence cf a high core temperature is enhanced by and, in fect, de-
pends on the core engulfing hot fluid cor drag from the outer region.
For an axi-symmetric body the enthalpy excess of the axis above the
front is given by Eq. (8) or (18)

B(0) - b ch
R Yi
o
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where CD is the initial plus engulfed drag in the core. If the mo-~
T

rentun defect relative to the front increases, then CD increases with

Y thus keeping (h(0)-h f) large. For the sphere thisfoccurs such

f

that (h(O)-hf) is almost constant for hundreds of diameters, and the

overall temperature level drops only as the front temperature de-

creases which is relatively slow. F¥or the cone practically no inviscid

drag relative to the initiel front is engulfed for hundreds of diameters

(the inviscid enthalpy profile is almost constant), thus any core ex-

pansion at all has directly the effect of drastically reducing the

temperaturec.

The velocity follows a similar history. For the cone the
velocity is only 5% different from free stream by 125 units of

X_ (~30 body aiameters) , whereas for the sphere it takes nearly
/ CA
650 units of —2— (~ 600 body diameters). Another interesting com-

C
parison deals\/;g:h thz velocity slowdown at some level of radar
frequency, say UHF (ne (critical)~l.6'109 electrons/cm3). At this
point Tfor the sphere a change in velccity of 160 ft./sec. would oceur
in a distance of Az~ 25 feet (assuming @ = 2 feet) while for the cone
Ax~1 foot.

In compering the enthalpy and velocity histories of the
two bodies with the same drag (Fig. 30, Cases II and B), it is seen
they are quite different, as were the wake growths. The 22° cone
follows more closely the drop of the 12° cone rather than the blunt
body. Also, as in the wake growth, the effect of increasing (CD )

£i
(raising the altitude) decreases the difference between the bodies.
6.3. Electron Decay
6.3.1. Equiiibrium Flow Conditions

The effect of the drop in enthalpy with decrease of

20




nose bluntness is felt directly on the electron cecay as shown
in Fig. 31. This shows the axial electron density for the 12°
cone, sphere-cone and sphere (Cases D, I and II). Both the
cone and sphere-cone electron concentrations drop rapidly in

comparison to the sphere.

The depenience of the equilibrius clectron concen-

tration on érog coefficient for this class of bodies, i.e.,

sphere-l2° cone scries, can be seen by cross plotting the
distance it takes to drop to verious electron levels vs, the
drag coefficient. This is shown in Fig. 32 where the electron
levels have been arbitrarily chosen as those corresponding to
critical frequencies for C band (5600 me), L band (1300 me),
and UHF (400 mc). The surovrising result occurs that the decay
length is linear with the drag coefficient. 1In view of the
other results concerning bodies with different cone angles
this curve cannot be applied to any general shape., 1t should,
however, hold for other sphere-cone todies with a l2° cone

angle,
6.3.2. Pure Mass Diffusion

The electron decay for pure diffusion is also shown
in Fig. 31 for the cone and sphere. This calculation makes use
of Egs. (14%) and (15) and assumes a foreign species (e.g., ab-
lation products) to be deposited into the wake through the neck
with an initial gaussion radial distribution and subsequent
zero recombinaticn. The diffusivity used is that which is
found for the enthalpy. Fig. 31 shows this type of diffusion
for the cone to be even slower than for the sphere. Since no
recombination takes place, the slow diffusion results from the
slow cone wake growth. Very far downstream, after the "explosion"
in cone growth the rate will eventually be the same.

Except for the pure diffusion calculations of this
section the assumption of thermodynamic equilibrium has been
made everywhere ia this report. This means that as far as an
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application to the re-entry problem is concerned the results
will nut hold above a certain altitude; which is approximately
100K feet (see Ref. 2) due to non-equilibrium effects. The
possible importence of non-equilibrium effects is emphasized
by the results cf Fig. 31 in noting the difference between the
equilibrium curve on the one hand and the ultra-conservative
zero reccnbination pure diffusion on the other hand.

6.4, Effect of Accuracy of Initial Uake Conditions

An effect of inaccurately choosing the initia.. conditions
for the wake can be inferred elther from the enthalpy histories or
the wake growth curves in Fig. 27. For the spherceccne (RN/’RB = 1/2)

the difference in (CIJ } at 100K feet and 150K feet is almost exactly
1

a factor of two. Beyond the relative differences in wake behavior
discussed previously, it is noted that the basic nature does not
change due to this difference in initial conditions. Also the cone
enthalpy histories of Fig. 30 show very little ditference between

the 100K feet and 150K feet conditions and the (CD ) variation for
i

these is about 2.5. Thus it appears that on an absolute basis the

error mist be fairly large before any fundamental difference in wzke

behavior would occur.

T. CONCLUSIONS

1.

2,

3.

The analysis of Ref. 1 can be applied to slender bodies as well as
blunt bodies.,

Body shaping has only & small effect on initial core drag values,
these being nearly equal for the sphere and cone of the same base di-
ameter. The Reynolds number of the body (size or pressure) is much
more significant in determining the initial core drag.

The waie shock may alter the shape nf the inviscid enthalpy profile
significantly for slender bodies (especially at low Mech number), but
does not alter the wake growth to any degree. This is because the
general level of the inviscid enthelpy is so iow,.
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CONCLUSIONS (Cont'd.)

L,

The turbulent front growths bechind the cones calceulated are slower
than for blunt bodies until ~S= x 10",

SOt
Axial enthalpies drop very rapidly as the nos> is sharpened. Slender

cone wake enthelpies dccrcase an order of magnitude faster than the
sphere.,

Bodies of the same drag coefficient but different shapes will have
different wake histories until the asymptotic downstream conditions
are reached.

An increase in core drag or altitude tends to decrecase any difference
in wake behavior duc to shaping.

Equilibrium electron density decay follows the fast drop of the
enthalpy with nose sharpening. It was found for the sphere -12° cone
family of bvodies that the axial distance to decay to a given electron
density was directly proportional to the drag coefficient. However,
this behavior is not a unique function of the rag coefficient for
all body shapes.

Until significant inviscid wake drag is engulfed the slow cone wake
growth can cause the pure diffusion of a foreign species (e.g., ab-
lation products) with zero recorbination deposited in the wake to
take even longer for the cone than the sphere.
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